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Abstract 
In the flank milling process, processed metal surface is formed by the edge of the cutting tool and affected by errors of it in 
the manufacturing process. Among those errors, the error of tool rotation movement has the most significant effect on 
machined surface. This article focuses on the machining process influenced by cutting tool rotation errors in the NC 
machining process. In this paper, a mathematical model of machining process is built. The effect of tool offset error and 
tool tilt error on tool deflection error is studied. A method of detecting tool rotation errors through machined surface 
topography is presented in the paper. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
In order to reduce the error of the machined surface, many 
researchers optimize tool path to avoid over cut and under cut. 
[11-12]  
In order to reduce the deformation error of the machining 
process, many researchers study the machining force and error 
compensation strategy. [13-15] 
In recent years, more and more researchers began to study 
how tool rotation errors affect machined surface errors. Liang 
Yu et al. studied the machined surface formed by specially 
designed cutting edge under cutter offset error. [16] Can Liu 
et al. proposed a new idea of identifying tool eccentricity and 
wear with force [17].Pˊ franco et al. modeled Final part 
surface roughness from tool offsets and height deviations that 
affect the surface marks provoked by back cutting.[18] 
Miguel Arizmendi et al. studied a new model to predict the 
effects of tool parallel axis offset error and cutter axis tilt on 
the topography of machined surface in flank milling process. 
[19-21] Dong Yang and Zhanqiang Liu proposed a 
corresponding surface generation model to predict the 
generated surface topography.[22] Eduardo Diez et al. studied 
a methodology to evaluate tool offset in peripheral milling by 
using a piezoactuator-based system. [23] 
The author studied the influence of cutting tool offset error 
and tilts error on cutting force and machined surface. In 
section 2, a machining process model was built. In section 3, 
the cutting force and the tool deflection model influenced by 
tool rotation errors are researched. Section 4 is the simulation 
result and discussion of the milling process model. section 5 is 
a way to measure tool rotation errors through machined 
surface topography. 
 
2. Trajectory of tool edge influenced by tool rotation 
errors 
Tool rotation errors are the errors in the tool rotation 
movement in machining processes. Tool rotation errors may 
have multiple sources; all these sources cause two errors of 
tool rotating movement: offset error and tilt error. 
© 2016 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1, shows how the tool rotation errors affect tool 
rotating motion. The offset of tool causes the tool to rotate 
around the revolving axle instead of its own axle, which 
causes the difference of tool tip trajectory compared with the 
ideal one. 
 
Fig. 1. Tool offset error 
The influence of tool tilt on tooth tip trajectory is decided 
by two parameters. The first parameter is the tilt angle Ʌ , 
which is the magnitude of tool tilt error. Another parameter is 
the angle ɂ  that shows the position of tool tilt error. Fig. 
2shows the rotating axis, tool axis, tool offset and tilt error. 
 
Fig. 2. Tool offset and tilt error 
Fig. 3. shows the real radius of the first tool tip influenced 
by both tool offset error and tilt error. 
 
Fig. 3. Tool offset and tilt error 
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Where  is the total offset error at height 0,  is tool radius, 
 is the total offset angle at height 0; h is the length of tool, ɘ 
is tool Angular velocity, Ʌ is tool helix angle, ୧ǡ୸ǡ୲ and ୧ǡ୸ǡ୲ is 
the coordinate of ith tooth tip at height z and time t; ୧ǡ୸ is the 
practical offset direction angle at height z. 
3. Cutting force and tool deflection influenced by tool 
rotation errors 
To calculate the tool deflection error Ɂ୶ሺሻand Ɂ୷ሺሻ, the 
cutting force must be calculated first. 
Previous study shows the cutting force of tool's 
infinitesimal element at height z can be calculate through chip 
thickness.[24] To, calculate chip thickness h, cutting Cutting 
start angle ɔ୧୫୧୬ሺሻ and maximum chip thickness angle 
ɔ୦୫୧୬ሺሻ are needed. 
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Where ɐ୧ is the starting phase angle of the ith cutter tooth 
tip. 
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In order to simplify the simulation computation process, 
the cutting part of the tool is divided into ଶȀ segments with 
same length in z direction as shown in Fig. 4. 
 
Fig.4. Cantilever beam Infinitesimal Element model 
Total deflection in the y direction is  
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4. Simulation and analysis of machined surfaces 
To illustrate the influence of tool errors on machined 
surface, a particular manufacturing case shown in Table 1 is 
considered. 
Table 1. Simulation case 
Cutting condition  
Tool radius 3mm 
Tool length(cutting part) 10mm 
Tool length (tool holder) 20mm 
Machining time 0.02s 
helix angle 30ι 
Tool rotating speed 8000r/min 
Feed speed 0.06m/min 
Cutting depth(ap) 10mm 
Cutting depth(ae) 0.2mm 
material AL6061 
First tooth locating angle 0 
The result of the simulation shows that tool offset error and 
tilt error has similar influence on surface topography and 
quality. The undulation of the surface increases with tool 
rotation errors, thus the roughness of machined surface will 
increase with tool rotation errors as shown in Fig. 5. 
Fig. 6 shows that the influence of tool rotation errors on 
surface topography decreases with the increasing of feed rate. 
 
(a) 
 
(b) 
 
(c) 
Fig. 5. Simulated surface (a) 5Ɋm offset error machined by four teeth tool (b) 
0.00005rad tilt error machined by two teeth tool (c) 0.0001rad tilt error 
machined by two teeth tool. 
 
(a) 
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(b) 
 
(c) 
Fig. 6. Simulated surface machined by two teeth tool with 10Ɋm offset error 
and 0.001167rad tilt error (a) Feed speed 0.05m/min, (b) Feed speed 
0.1m/min, (c) Feed speed 0.3m/min 
Series of simulation were made to test the effect of tool 
rotation error on surface roughness and shape error. Result 
shows that the roughness error increases almost linearly with 
tool rotation errors when the errors are at low value. When the 
error reaches a threshold value, the increase of tool rotation 
errors have no influence on surface roughness. the shape error 
caused by tool rotation error may reduse the shape error of 
workpiece because it is in the opposite direction of tool 
deformation error. 
5. Detecting tool rotation errors through surface 
topography 
Direct causes of the surface topography are the difference 
in tool tooth rotating radius and feed rate per tooth as shown 
in Fig. 7 
1 dimensional power spectral density (PSD) is used to 
analyze the machined surface topography. 
 
Fig. 7. 1 dimensional PSD of two teeth tool rotating frequency 
Fig. 8 shows a 1 dimensional power spectrum density 
calculation result of a machined surface. In each cutting depth 
z, the power spectrum density is calculated. Through Fig. 8, 
the difference of tool radius ο on cutting depth z can be 
gotten.  
In section 2, the rotating radius of each tooth at height z is 
calculated. Through equation (1), the practical offset error୸ 
at cutting depth z can be calculated.  
 
Fig. 8. 1 dimensional PSD of two teeth tool rotating frequency 
6. Conclusion 
In this article the author studied the milling process of 
flank milling with tool rotation errors and deformation error. 
Firstly, tool teeth moving trajectory model influenced by tool 
rotation errors are studied. Secondly, effects of tool rotation 
errors on cutting forces are discussed. Thirdly, experiments 
were made to detect tool rotation errors and prove the model 
of the milling process. Fourthly, the relationship between tool 
rotation errors and surface topography is measured through 
the milling process model. At last, a method of detecting tool 
rotation errors through power spectrum calculation of the 
machined surface is presented. Through this model, the 
following conclusions can be drawn: 
z Tool offset error and tilt error has similar influence on 
surface topography and quality. 
z The influence of tool rotation errors on surface 
topography decreases with the increasing of feed rate. 
z If tool rotation errors exits, the machined surface 
undulate once when the tool rotates one round. 
z The roughness error increases almost linearly with 
tool rotation errors until it reaches a threshold value. 
z When the tool rotation errors are small, the machined 
surface will be undercut. When the tool rotation errors 
are big enough, machined surface will be over cut.  
z The direct causes of the surface topography are the 
difference in tool tooth rotating radius and feed rate 
per tooth. 
z Tool rotation errors can be detected through surface 
frequency. 
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